The dynamic viscoelasticity of ER suspensions depends on the fluid strain amplitude, the oscillation frequency and the applied electric field strength. This behavior can be explained based on the formation and deformation of ER particle clusters that span the electrodes. In this work, changes of the fibrous structure of an ER fluid in an oscillatory slit flow are analyzed (by direct observation using an optical microscopic probe) when the electric field, the strain amplitude and the oscillation frequency are varied. The ER fluid studied in this work is composed of sulfonated polymer particles (5 vol%) in a silicone oil. The hysteresis loop of pressure difference as a function of strain is explained based on the visualization of the chain-like microstructure.
INTRODUCTION

Electrorheological
(ER) fluids consist of fine electrically polarizable particles dispersed in a dielectric liquid. These fluids can be used for devices such as dampers, valves, clutches, engine mounts and so on. When ER fluids are submitted to high electric fields, they exhibit dramatic changes in their rheological behavior presenting properties of yielding solids. These changes are caused by the formation of a microstructure that is responsible for the increase in resistance to the fl ow of ER fluids.
It is of great interest that the characteristics of the ER effect in an oscillatory slit flow figure 1 is filled with the ER fluid which is submitted to vacuum in order to avoid the influence of the ER fluid compressibility due to the existence of air within the fluid. This apparatus consists of an ER valve (two dimensional slit channel) located between two metallic bellows. The ER valve has a gap (h) of 2 mm, width (b) of 10 mm and length (l) of 30 mm. The bellows are connected to four sliding rods and a controlled speed motor. The oscillatory slit flow within the ER valve is driven by synchronized sinusoidal expansion and contraction motion of the two bellows produced by the controlled speed motor and a scotch yoke mechanism. As the ER fluid is forced to flow across the slit channel, the bellows displacement (x) is measured by means of a non-contact displacement transducer and the pressure difference (P1-P2) across the ER valve is measured by two pressure transducers. The fluid strain e is defined as: (1) where A, is the effective cross-sectional area of the bellows, A,. is the cross-sectional area of the electrode channel, x, is the amplitude of the chamber displacement and 6 is the amplitude of the fluid strain.
RESULTS
AND DISCUSSION
The experiments were done in two steps. In the first one, the electrodes were made of steel and the visualization of the ER microstructure was taken in the orthogonal direc- Figure 1 Oscillatory slit flow apparatus.
tion to the direction of the electric field (side view). As the obtained results were not enough to fully understand the microstructure behavior, a second step was indispensable, in which its visualization in the parallel direction to the field direction (top view) was performed using glass electrodes with a thin conductive layer. Dependence on the Electric Field Strength Steel Electrodes; Figure 2 shows changes of the hysteresis loops of the pressure difference (P1-P,) as a function of the fluid strain s with the electric field strength at f = 2.5 Hz. As the electric field increases, the area inside the loop increases, but the shape of the loop curve remains almost the same as in the absence of an electric field, meaning that the ER fluid behaves as a Newtonian fluid in one oscillation cycle, even in the presence of an electric field. That is, the shape of the hysteresis loop is almost elliptical and the yield region is not clearly observed. This behavior can be explained by visualizing the microstructure of the dispersed particles within the channel. Glass Electrodes: Figure 4 shows the behavior of the loop curve as a function of the electric field. In this case, for I kV/mm the yield region can be clearly observed. This different behavior from the case of steel electrodes would be caused by the different interaction between the particles and the electrodes surface (glass and steel). 1. the fibers pertaining to region A bent from one to the other side without breaking; 2. in region B there was the formation of an alignment of clusters that flowed with the ER fluid between both regions A; 3. the clusters and fibers of region C were destroyed and reformed at each new cycle; 4. the breakage of the clusters inside regions B and C was responsible for the yielding phenomenon observed in the loop curve of Fig.4 . Figure 6 shows the strong dependence of the ER microstructure aspect on the electric field strength. For 0.25 and 0.5 kV/mm, the region B takes place in almost the whole channel with the presence of a parallel alignment of clusters (called here as clusters lines) which fl ow with the ER fluid. During the experiments, when new clusters lines are formed between the old ones, they move toward the old lines and join with them. As the electric field increases, the region A can easily be observed in the slit channel and the area available to the fl ow of the ER fluid (region B) decreases, producing a remarkable increase of the pressure difference (P1-P2) across the channel. The region A acts not only as a simple resistance, but also as a blockage for the ER fluid fl ow. For 1 kV/mm, the destruction and reconstruction of the region C can be observed. Dependence on the Oscillation Frequency Steel Electrodes: Figure 7 shows changes of the hysteresis loops of (P1-P2) as a function of the fluid strain for different electric field strengths at frequencies of 2.5 and 1.25 Hz. For E <_ I kV/mm, the frequency didn't play an important role. However, for higher electric field strengths, the increase of E and f produced an increase of the area inside of the loop that became more rectangular. Glass Electrodes: Figure 8 presents the visualization of the microstructure of the ER fluid at the position 3 in Fig.4 as a function of the oscillation frequency for the electric field strengths of 0.5 and 1.0 kV/mm. For 0.5 kV/mm, the increase of frequency makes the region A (fixed fibers) disappear, giving place to the parallel alignment of clusters (region B), which flow in an oscillatory manner with the ER fluid. We can also observe that as the frequency increases, the parallel cluster lines are more defined. Increasing the electric field, the region A becomes bigger and presents a higher concentration of fibers. For the case of 1 kV/mm, the increase of frequency makes the region C appear and decreases the region A. Dependence on the Strain Amplitude Steel Electrodes: Figure 9 shows changes of the hysteresis loops of (P1-P2) with the fluid strain amplitude s"0for different electric field strengths at f= 1.25 Hz. Increasing the strain amplitude, the pressure difference increases. For small strain amplitude e0the yielding region on the loop curves is not clearly observed, even for 2 kV/mm. However, for higher e0the yielding phenomenon appears for more than 1.5 kV/mm. Glass Electrodes: In Fig. 10 , we can observe the visualization of the microstructure of the ER fluid at the position 3 for s0= 200% and 480%. For the low amplitude strain (200%), the region A becomes wider than that for E0= 480% due to the lower maximum velocity of the ER fluid. The number of fibers in the region A increases with increasing electric field strength. During the experiments, the fibers in the region A bend in an oscillatory manner and block the passage of the ER fl uid flowing through the region B in the slit channel. Dependence on Time Steel Electrodes; Figure 11 shows the transient behavior of the loop curves of pressure difference for different electric field strengths. We can observe that the pressure difference increases with time due to the increase of the particle concentration within the ER channel. This can be also seen in Fig. 12(a) (side view of the ER valve) , where the number and thickness of the fibers increase with time. Glass Electrodes; Figure 12(b) shows the microstructure of the ER fluid (at the position 3) at 1, 10 and 30 seconds after the electric field has been applied.
As time passes, the region A moves from the right to the left side of the channel, and the size of the region A and its amount of fi bers increases due to the increase of particle concentration within the slit channel. As a result, the area available for the passage of the ER fluid (region B) decreases producing an increase of the pressure difference of the hysteresis loops with time. The top and side views of the ER microstructure were performed and, from the first one, the following three regions were observed within the slit channel: region A (composed of a high concentration of fi xed fibers near the side wall), region B (almost free of fi bers and characterized by the passage for the ER fluid fl ow) and region C (with a high concentration of fibers and clusters that break when the ER fluid flows through the ER channel). Thus, on the contrary of the expectancy, the main phenomena within the ER channel were not only the breakage of the fibers, but also the blockage of a part of the ER channel by the fixed fibers. The blockage area composed of the fixed fibers and its position were changed to give passages to the ER fluid, decreasing the resistance to its flow. The region B composed of parallel alignments of clusters was usually obtained for low values of E and high values of so and f. 
